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13 ADSTRACT

Even though saturable absorbers have been used in laser systems as passive
switches and modulators since 1964, the operation of these absorbers in con-
junction with optical resonators has not been adequately described before. The
features of this problem are succinctly contained in the problem of a Fabry-
Perot resonator containing a saturable absorber. Such a device is called a
saturable resonator. Previous treatments of satura le resonators have neglected

_ the optical resonance effects and have used unsuitable models for the saturable
absorbers. Now, a general steady-state solution to the performance of the
saturable resonator has been obtained and applied to several experimental con-
figurations. This solution was accompiished by first considering a Fabry-Perot
interferometer containing an unsaturable ~bsorber. The transmittance, reflect-
ance and absorptance for this case were determined as a function of the phase
difference arising from round trip cavity transits. These quantities are para-
meterized by the mirror refleciivity 2nd the transmittance of the absorber., Nextr
the absorber was considered to be saturable and was realistically characterized
by the model of Huff and DeShazer with some modifications. Most saturable
absorbers exhibit a residual absorption and this residual absorption must be
included in any model chosen for a saturable absorber. It was just this neglect
of the residual absorption that made most previous treatments of the problem
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in error. The behavior of a saturable absorber was characterized by two para-
meters which are functions of the transition rates and absorption cross-sectinns,
One of these parameters controls the residual absorptivity and shape of the

+ saturation curve while the other determines the intensity range of saturation.
Since the transmittance of the saturable absorber is a complicated transcen-
dental function of the incident intensity, the solution must be done numerically
with the aid of a computer. The results of these calculations show the existence
of the bistable operation of a saturable resonator undex certain conditions. The
criteria for bistable operation were obtained and found to be dependent on mirror
reflectivity, weak-signal absorber transmittance and the absorber parameter
involved with the residual absorption. It was determined that this parameter had
to be greater than 8.5 ir order to get bistable opecration,

A single mode giant pulse ruby laser was used to determine the characteristics of
several saturable resonators. A search was also conducted to find saturable
absorbers which meet the criteria for bistable operarion whilz at the same time
obeying the steady-state assumption. The change of the transmission with
incident intensity was measured for the organic dyes cryptocyanine and 1, 1%
Dicthyl-2, 2/-Dicarbocyanine Iodide (DDI) dissolved in various organic solvents,
as well as a Cd:Se:S glass, For the organic dye it was found that the parameters
were highly dependent on the solvent, Those absorbers which met the bistable
criteria were the semiconductor glass, and both DDI and cryptocyanine dissolved
in either acctune or acetonitrile, Experimental results follow the theory but
on-resonance matching difficultics have hindered observation of bistable opera-
tion for thuse saturable absorbers which were found to mect the criteria, however,
very noticeable pulse shaping was obtained in many cases. The saturable resonator
was also tried as a laser cavity dumping device but here large residual absorption
and resonance matching problems limited its usefulness.,
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ABSTRACT

Even though saturable absorbers have been used
in laser systems as passive switches and modulators since
1964, the operation of these absorbers in conjunction with
opticél resonators has not been adequately described be-
fore. The features of this problem are succinctly con-
tained in the problem of a Fabry~?erot resonator containing
a saturablc absorber. Such a device is called a saturable
resonator. Previous treatments of saturable resonators
have neglected the optical resonance effects and have used
unsuitable models for the saturable absorbers. Now, a
general steady-state solution to the performance of the
saturable resonator has been obtained and applied to sev-
eral experimental configqgurations. This solution was
accomplished by first considering a Fabry-Perot interfero-
meter containing an unsaturable absorber. The transmitt-
ance, reflectance and absorptance for this case were de-
termined as a function of the phase difference arising
from round trip cavity transits. These quantities are
parametexized by the mirror reflectivity and the trans-
mittance of the absorber, Next, the absorber was con-

sidered to be saturable and was realistically characterizecd
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by the model of Huff and DeShazexr with some modifications.,
Most saturable absorbers exhibit a residual absorption and
this residual absorption must be included in any model
chosen for a saturable abscxber. It was just this neglect
of the residual absorption that made most previous treat-
ments of the problem in erxror, The behavior of a saturable
absorber was characterized by two parameters which are
functions of the transition rates and absorption cross-
sections. One of these parametexs controls the residual
abrsorptivity and shape of the saturation éurve while the
other determines the intencity zange of saturacion. Since
the transmittance of the saturable absorber is a compli-
cated transcendental function of the incident intensity,
the solution must be done numerically with the aid of a
computer, The results of these calculations show the
existence of the bistable cperation of a saturable reson-
ator under certain conditions. The criteria for l istable
operation wexre obtained and found to be dependent on mir-
ror reflectivity, weak-signal absorber transmittance and
and the absorber parameter involved with the residual
absorption., It was determined that this paramster had to
be greater than 8,5 in order o get bistable operation.

A single mode glant f ise ruby laser was used to

determine the charxacteristics of several salurable
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resonators. A search was also conducted to find saturable
absorbexrs which meet the criteria for bistable operation
while at the same time obeying the steady-state assumption.
The change of the transmission with incident intensity was
measured for the organic dyes cryptocyanine and 1, 1°-
Diethyl-2, 2'-~-Dicarbocyanine Iodide (DDI) dissolved in
various organic solvents, as '21l as a Cd4:Se:S glass. For
the organic dye it was found that the parameters were
highly dependent on the solvent. Those absorbers which
met the bistable criteria were the semiconductor glass, and
both DDI and cryptocyanine dissolved in either acetone or
acetonitrile. Experimental results follow the theory

but on-resonance matching difficulties have hindered ob-
servation of bistable operation for those saturable ab-
sorbers which were found to meet the criteria, however
vexy noticeable pulse shaping was obtained in many cases.,
The saturable resonator was also tried as a laser cavity
dumping device but here large residual absorption and

resonance matching problems limited its usefulness.,
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I. INTRODUCTION

A, Motivation for this Study.

The saturable resonator was recently proposedl'2
for use as a passive light switch, With the combination
of a saturable absorber and a Fabry-Perot interferometer
cavity it is possible tc obtain much more pronounced "on"
and “cff" conditions than with the saturable absorber
separately.. For this reason alone it would be of interest
to study the saturable resonator,

A more imporpant reason however, for studying
the saturable resonator is that the combination of a Fabry-
Perot interferometer and a saturable absorber is an in-
tegral part of many Q-switched laser systems. The under-

*standing of the saturable resonator will then help in the
development cf Q-switched lasers.

Much of the work to date has dealt with inad-
equate models for saturable absorbers. In the work pre-
sented here, the consequences of this inadequacy will be
compared with the results of more realistic absorber
models. It will be shown that a limiting factor in the
operation of the saturable resonator is the residual

absorption present in most satuvrable absorber systems.



Methods of reducing this residual absoxption in organic
dye saturable absorber systems will be discussed. This
should also prove useful in the operation of Q-switched
laser systems using organic dye saturable absorbers. It
will also be shown that significant pulse shaping can be
obtained by properly adjusting the saturable resonator

parameters,

B. History.

Saturable absorbers, that is aBsorbers whose
transmittance depends on the intensity of the incident
light, have proven to be very important for use in laser
systems. They are primarily used as passive light
switchesB—B and modulatorsg-ll in laser cavities. Much of
the previous work has involved a search for proper mater-
ials., More recently, however, integest has shifted to the

12-15

mechanisms of this saturation. This interest has been

primarily in organic compounds since these compounds arae
more resistant to damage.

13,16 did much work on phthalo-

Hercher et al.
cyanine and phthalocyanine metal dyes and showed that
relaxation times prohibit using the steady state approxi-
mation for light pulses in the 10 nscec. range. These

workers used both an excited singlet state absorption

model and an excited triplet state absorption model to
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explain the residual absorption. They concluded that the
excited singlet state absorption was the importan; factor
for residual absorption in phthalocyanine dyes. Huff and

DeShazer12'17’18

were able to characterize several dye
systems, in both steady state and nonsteady state, using
an excited triplet state absorption model for the residual
absorption. Using a steady state model wit., excited trip-
let state absorption an excellent fit of the saturation of
cryptocyanine in methanol was obtained.

There are other systems particularly semiconduc-

tor saturable absorbers6 and gas systems such as SF619‘20

which have been studied. Development of dye laser systems

too, has prompted much interest in the absorption of light
by organic compounds. It has been shown that quenching

the triplet statez 1

in these dye compounds greatly enhances
the operation of these dye lasers.

The characteristics of a classical Fabry-Perot
interferometer are presented in most texts on optics, e.g.,

Born and Wolf.22

In most applications of a Fabry-Perxot
interferometer it is desirable to have as little loss as
possible inside the cavity so most trecatments of the
Fabry-Perot interferometer are done in the regime of low

loss. The classical treatments 22,23

usually add the cav-
ity loss to the solution of the lossless cavity giving

only a partially correct answer,
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Bjorkholm1 proposed using a Fabry-Perot interfer-
ometer containing a saturable absorber as an output coup-
ling element of a Q-switched laser., He wanted a way of
more efficiently coupling the energy out of a Q-switched
laser after the pulse was formed. The peak output powers
of the laser would be improved if the transmission of the
output reflector was increased just before the pulse
reached its maximum intensity. The energy contained in
the cavity could then theoretically be removed from the
cavity in one round trip transit if the ﬁransmission be-
came unity.

Independently Szoke, et El'z proposed the
saturable absorber as a bistable optical element. Using
a two level model for the saturable absorber these workers
demonstrated that bistable operation was theoretically
possible under certain conditions. The two level modél,
however, did not inciude residual absorption and therefore
limited its usefulness for many saturable absorber systems.
Szoke obtained shorter pulses (on the order of a cavity
transit time) out of a Q-switched €O, laser system using
a saturable resonator containing SF6 as the output element.
The saturable resonator was not used as a separate element
in this work.

Sztke, et g&? proposed several other uses for

the saturable resonator. Since the saturable resonator
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has a bistable pxoperty it could be used as an optical
memory element. When operating out of the bistable ragion
the variable reflectivity can act as a laser stabilizer
previded the time Lehavior of the system does not .necore
unstable,

When operating Off resonance the reflectivity
increases vith increasing intensity so in this mode it can
act as a Q-switching element. Coupling the saturable res-
onator with another interferometer cavity gives a mono-
stable multivibrator. With this it would be possible to
produce a train of pulse from a cw light source provided
the saturable resonator is operated in the bistable region.

24 has done some work with the saturable

Spiller
resonator simultaneocus to the work prpsented here. He
uses an optically thin approximation for the mirror sep-
aration and also uses a two level model for the saturable
absorber. He includes a linear (or non-saturable) loss
term attributed to the cavity loss or the absorber resid-
ual absorption. In his work this linear loss is an adjust-
able parameter of the system. Spiller has observed pulse
shortening of a ruby laser pulse using phthalocyanine dyes
in the saturable resonator. No criteria was established

for the bistable operation of the saturable resonator in

this work.
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IX. GENERAL THEORY OF SATURABLE RESONATOR

A. Fabry~Perot Interferometer Containing Unsaturable
Absor)Her,
1. Introduction

A study of a Fabry-Perot interferometer contain-
ing an absorber which is not saturable is the first step
to the solution of the saturable resonator problem, Sub-
sequently, the solution of the Fabry-Perot interferometer
with unsaturable absorption will be extended by allowing
the absorptivity to be a function of the incident intensi-
ty. If a model of the saturable absorber is specified this
nonlinear absorption behavior can be coupled with the in-
texferometer results to give a solution for the saturable
resonatox.

The well-known classical solution to the Fabry~
Perot interferometer involves the superposition of an
incoming wave of wavelength A, with its resulting multi-

2
ple reflections and transmissions.zz’z“

The resulting
multiple-beam interference is obtained by summing over the
individual comonents taking into account the phase
changes upon reflection and phase differcences arising

from cavity transits. The equations for the transmitted

(IT) and reflected (IR) intensities for an incident

6
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intensity (Ii) are given by the following equations

I, 72

T _

= = 5 5 (1)

I, {1~R)“ + 4R sin” §/2

1 4R sin? §/2
and B- (2)

1, (-R? + 4R sin® §/2

where § is the cavity round trip phase difference, T and R
are the transmittance and reflectance of either mirror of

the interferometer. For lussless mirrors

T+ R=1 (3)

4R

Ietting F = (T =R)2

these equations Locome

_ 1
I 1 + F sinfi,/2 (4)
— 2 *
1 1 + F sin®8/2 .



This type of solution is given in many texts,; e.g., Born

2 However, no previous treatment includes an

and ";Iolf.2
absorption inside the interferometer cavity. Some treat-
ments, do include absorption by the mirrors, e.g. Tolan-

sky,23 or Born and Wolf,22

but these results are quite
different than for intracavity absorption. The most com-
mon method of including mirror loss is tc assume that the

mirroxr parameters obey the following relation

(6)

i
=

R + T + A

where again R is the reflectance, T the transmittance, and

22

A the absorptance of a mirror, Equation (4) for the

transmitted intensity now becomes

-2 2 b (7)
l - R 1l 4+ F sin“§/2

all
|
>

In deriving equation (2) for the interferometer reflectance
the assumption was made that R+ T = 1 for each mirroxr, so
most treatments ignore rederiving the reflectance of the
Fabry-Perot interfcrometex for the loss case. Tolansky22
attempts to do this derivation by assuming that R is the
same in both equations (3) and (6) but the total trans-

mission (T') of a mirror changes due to the loss in the
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mirror. T and T' are then related by some constart, that

is

.= K (8)

)3

where K < 1.

Figure II.A.l shows & ray diagram of how the
reflections must occur in ‘folansky's derivation, Tolan-
sky, however, considers the on-resonance case and tries

to deal only with intensities.

2. Carrected Mirror Loss Derivation
To chbtain the reflected intensities from Figure
II.A.1 it is first necessary to sum the reflected ampli-
tudes. This gives .
id 3

2 .
= e KN ' '
A pAi pt'Te Ai + p t

2 _2i8
r e

Ai + eee

where Ai is the incident intensity, Ar the reflected in-
tensity, p the amplitude reflection coefficient, t' the
amplitude transmission coefficient and § the phase dAiff-

erence from a round trip cavity transit. The above equa-

tion can be summed to give




L,

“;’.';’“..::cm -

10
Ar L ! 2ei5 }
— 2T e p -— - RO
Ai 1 - p2e16 !
_ 1- (p2 + t12)etd ]
= -p Z 10 (s)
' 1-p“e J

Taking the absolute value and squaring both sides gives the

following

But 7' is

giving

Similarly

intensity relationship

IR [l (R+T1)2 - 2(R + T')coss |
J:i 1+ Rz - 2R cosé J
also given by

T! = T(l“'A) .

e

A1 + T2 + 4(1 - A(1+7)) sin%6/2

.:.:R
(1 - A% + 4R sin?s/2

{1

1!
e

.

surnming the transmitted amplitudes gives

2,,2 16 4,,2 2i38
. gt PTETTeTIAL 4 ot et 4 Ll
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Figure II.A.l. Ray diagram for mirror
loss derivation.
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thus
At' t‘2
s = % . (11)
i l-p
This yields the following intensity relationship
e m?
I 1l + R2 - 2R cosd
o om? 1
- 2 . 2
(1 - R) 1+ F sin“§/2
_ 2 - a2 1
(1 - R?% 1+ F sin%s/2
SO
Iy A2 2 1
il s 2
i 1+ P sin®§/2 (12)
where
F=—2R___ (13)

(1 - R} 2
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Lxcept for the factor of (1 - A)2 this is identical to

equation (7).

The above arguments are a good approximation for
thin metal film reflectors since the reflection arises in
large part from the first surface reflection. However, for
thin film dielectric reflectoxs the absorption, A, will
greatly affect the reflection R, of the film. This is be;
cause thin dielectric film reflectors work on the same
principle as the Fabry-Perot interferometer and loss in the
film appears as an intracavity loss. This is the subject

of the next section.

3. Derivation of Transmission, Refléction
and Absorption of the Fabry-Perot
Intexferometer with Internal Loss.

Figure IX.A.2 shows the multiply reflected, trans-
mitted, anc¢ absorbed amplitudes which result from an iwzi-
dent amplitude A For simplicity of illustration the angle
of incidence is away from normal but normal incidence is the
only case of interest in the saturable resonator.

The reflected amplitude is obtained by summing
over all the amplitudes traveling in the backward direction,
making surc phase differences arc accounted for. This phase

difference is due to the path differences of round trip cav-

ity transits. There is another phasc change due to reflec-
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tion at the interface between two materials of different
indices. This phase change gives the negative sign to the
first reflected beam relative to all other reflect'.ons
since it is the only one that involves an ny+on, interface
reflection and must be 180° out of phase with the n,+ ny
interface reflections for normal incidence. Summing the
reflected amplitude gives

8 2 3.4, 2id (1)

- . 2 2 i
Ar = pAi + t7py Aie + tp7Y Aie + eeo

where A, is the reflected amplitude, A; is the incident

amplitude, p and t are the amplitude reflection and trans-

-(a/2)L' where a is

mission coefficients respectively, y = e
the intensity absorption coefficient of the material in
the cavity, ¢§ = ~2%5327 L the mirror separation (L > A),
and n, and n, are the indices of refraction of the appro-

priate media. From this the following ratio is obtained

A ip @ .
X£ = - p + tzyzpels zyzmpZmelmd
i m=0

which can be simplified to

2.2 ié
e on 11 - t5Y%
pjl 313

l - sz e

9?1 >
< ln
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. 1 - eléyz(tz + p2)
1 - szzeld
2 .
However, t + p2 = 1 provided there are no losses in the

mirrors. This allows further simplification, i.e.,

1 - Y2e16. (2)
1 - szzelé

A similar addition of the transmitted amplitudes

gives the following equality

2 °f Y2mp2meim6

A, = tUyA, .
T ‘=0

A 2

.._"!". = t Y . (3)
i 1 - Y2p2e16

Two other quantities of use in finding the inten-
sity absorbed are A, the amplitude at mirror 1 traveling
toward mirror 2, and A_, the amplitude at mirror 2 travel-

ing toward mirror 1. These are given by the following

2m 2m §
0Ty elmG

>

il

£
o318

m=0

and
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A_ = toyA, N Mg 1M .
m=0
Thus
M t
Ay 4y - pzy2e16
and
A
— = toy .
A, 1 - szzela
Now I = |A[2 where I is the intensity, so

IR = R 1l + 74 - yz(e16 + c~i6)
1+ yIR? - y2Rr(e* + 719

=R [ 1+ Y4R2 - YZR cos §

Letting y° = T = e O

and remembering cos§ = 1 - 2 sin26/2 , then

17

(4)

(5)
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R_H+F sin26/2

2 . (6)
i 1+ F sin®6/2

e

Similarly,

I (1 - R)2Ta

. 2.2
i l+ TaR - ZTGR cos 6

+3

3

G
-
1+ F sin“$/2

) (7)

{

It is convenient to define the three terms F, G, and H
such that
re e, (8)
(1 - TaR)
(1-R) 27
¢ = = (9)
(1 - TyR)
and
2
- R(1 - T,) .
= “e=——=ft (10)

(1 - RT,)?
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By similar manipulations
o S
ioom (1-R(1+Fsin’s/2 {12)
and I GRT
- _ a
= = 5 €12)
i Ta(l - R)(1 + F sin®§/2
The absorbed intensity can be obtained using
the following relation
Iy = (I, +I)(1-1T)
Thus :é ) G(1 + RTa)(l - Ta)
T w (1 - ®(1+ F sin %8/2)
l~-6G-~-H
= : (13)

14 F sins/2

in retrospect it is scen that this result could be obtained

from

Ii I1 Ii
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as expected. It is interesting to note that the absorbed
intensity has the same resonance behavior as do the trans-
mitted and reflected intensities. This arises because the
intensity inside the cavity of course shows a resonance

behavior. Since the absorption is proportional to the in~

tracavity intensity it too shows a resonance,

4, Resonance Behavior
The terms IN/Ii (N = T,R or A) give the resocnaance
behavior of the system with variation of §. The resonance
behavior for several values of T, is shown in Figure II.A.3.

It should be noticed for § =2mr where m = integer, that

IR .
> =
i
IT _
i~ = G
i
and I
i

Thus H is the minimum reflectance and G is the maximum
transmittance of the interferometer. It should also be

noticed that the width of the resonances change greatly

Canar
v aaR AR
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with variation in Ta’ F is related to the full width at
half-maximum of the resonance and can be found by determin-

ing the value of § at which the transmittance goes to one-

half the peak value,22 i.e.,
;2 (6) = % [ ;2 ) nax *
i i

From equation (7) it is easy to see that this occurs for
6 = 61/2 where 61/2 = 2mm + x and 2xX is the full width at
half maximum, 61/2 can be obtained from

2

sin 61/2 = sin2 (mm + x/2) = F,

1

Thus |x|/2 = sin”;

1//F gives the points of half maximum.
For there to be a half maximum in the transmission function,
hovever, F must be greater than unity. If this is not true
then sin |x|/2 would be greater than unity which is of
course not possible. This means that the transmission of
the interferometer does not go one half the peak value for
F less than unity. The restriction on F then yields

4RT

F=-—-—-——‘-"-—-—2->1
(L -~ RT )T
o

e s P TR
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and solving this equality for RTa gives

RT, > 3 - 1/2/32 ~ .17.

With this restriction on RTa’ the half width is then

and for large F
sin™l 1/VF ® 1//F
giving  FWHM = 4//F,

This is related to the classical finessezz, ®d , by

_ 21
® = 2x
4 i .
2 sin-l 1//F

3 S —5— (for large F only).

Ie
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5. Effects of Absorption

It is seen from equation (8), Section II.B.3
that as T“+ 0, F+ 0 and the resonance peaks become very
broad. At the other linit, Ta+ l, and F = 4R/(1-R)2, which
is the usual result for no absorber between the mirrors.
Figure II.A.4 shows the variation of F with Ty fcr several
different mirror reflectivities. Figure II.,A.5 shows the
functional dependence of the maximum transmittance G, the
minimum reflectance H, and the maximum absorptance A (A =
1l - G - H) on the absorber trz.smissivity Té. This is
shown for several values of mirror reflectance. It should
pe noted that as Ta+0, H+R, G+0 and A-+l-R. In other woxds,
the system looks like a mirror with-reflectivity R where
everything transmitted through the first mirror is absorbed.
As Ta increases, the maximum transmission increases mono-
tonically to unity and the minimum reflection decreases
monotonically to zero., It is also seen in Figure II.A.5
that for certain values of mirror reflectivity the absorp-
tion, A, has an extremal value for variation of Ta' This
extreme can be found by using equations 9 and 10 to give

A in terms of Ta‘ This gives

A=1-G-H

2 m 12
{1~R) T, * R{1 Ta)

=1- (1)

2
(1 - RT))
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Figure II.A.5. Variation of maximum
transmittance, maximum absorptance, and minimum
reflectance of an interferometer with Ty

26



st e SRl %,
EMERIS _;’{J_\if;dgﬁ

A AN

g AR TR X ot

P

LRt W

e a g

27

Taking the derivative

2 2
(1~RT ) “(1-R)© - 2R(1-T )

|

3
] (l—RTq)

0,
3

[(1-R) %7 + R(1-T,) %] (=2R) (1-RT,)

g
(l—RTa)

Setting the derivative equal to zero and solving for (T,)

max
gives
(1) = By - | @
This gives
A .= iﬁ;tipz (3)

max 8R

Now since 0 < T < 1, equation 14 implies that the minimum

value of R which will give a maximum to A is R = 1/3.

6. Szdke Approximation2
To comparxe the exact results to the approximate
solution used by S;Ske for R~1, first consider G which is

the on resonance or maximum transmission,
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2
G = (1-R) T,

2
(1-RT,)
Szoke takes the limit where T, is close to unity, then

e %l o 1 - qr. (1)

=3
it

(1-R) ® {1-aL)
(1 - R+ Rap)?

So G =

1l - L

(1 + %2

and if oL << L

1

1 (2)
(1 + k)2

G =

where k = RaL/(1-R) is Szbke's "strength of resonance".

éimilarly, for the minimun reflection, H

R(1-T )2
o

]{:._—_...__._2.

(1 - RTa)

v e A3
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R(1 - 1 + qL)?

(L - R + RaL)2
(RoL) 2
_ (1 ~ R)Z
RaL, 2
= k2 °
R(1 + k)2

For the maximum absorption

But

So

l-G6-1

i

i

l-G=~-H-=

1 R + k2
)
R(1 + k)
R + 2Rk + RkZ - R - k2
R(1 + k)2
(1 + %)
«< 1 ,
X

—~—s (2 - o)

(1+k)
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2k
(1+x)?

~
~

. (4)

AR

The dashed line in Figure II.A.6 shows Szoke's approxima-

tion for the maximum transmission.
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Figure II.A.6. Comparison of Sz0Ke's
approximation to the exact solution for transmis-
sion versus loss.
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B. Characteristics of Saturable Absorbers.

1. Description of Saturable Absorbers

With the Fabry-Perot interferometer problem solved
for the case with an unsaturable absorber it is now poss~-
ible to deal with the case with saturable absorption but
first it is necessary to have a model for saturable absorb-
ers. Since a well defined single mode giant pulse ruby
laser was available for the experimental work the follcwing
discussions will be limited to saturable absorbers used at
the ruby wavelength. However, there is no reason to be-
lieve that the following discussion doeé not hold for sat-

13,15 To

urable absorbers used in other laser systems.
present the saturable absorbers used with ruby have been
principally organic dye compounds but there are some solid
state semiconductor type materials which have been devel-
oped.6
A saturablg absorber is basically a material
whose transmittance has a functional dependence on the
power density incident. Naturally if the fields are in-
tense enough any materisl will show a saturation of the
transmission. For a material to be useful in laser sys-
tems it must, of course, show this transmittance saturation

in the intensity region in which the laser operates. Us-

uvally this transmittance increases with increasing power
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density. This increase in transmittance is not to be con-~
fused with the phenomena of self-induced transparency.
Saturable absorption is not a coherent effect and i1elies
on extraction of energy from the incident beam in crder to
increase the transmissién. For the organic dyes this var-
iation in transmission is due to the saturation of the
optical transitions involved in the absorption. For the
semiconductor glasses the transmission change is due to
shifting of the asbsorption edge to shorter wavelengths as
the power density increases.6

For most saturable absorbers there is & residual
absorption, The transmission increases rapidly with in-
creasing intensity until it flattens out and approaches
a transmittance less than unity. Several phenomenological
models have been proposed to deal with this residual ab~
sorption, one being an energy level model with excited
state absoxption éeveloped by Huff and DeShazer.12 Another
medel with single absorption and an unsaturable loss will
be developed here. The excited state absorption model will
be reviewed and compared to the results of the single
absorption with an unsaturable loss model. The excited
state absorption model is a physically appealing model for
organic dye saturable absorbers due to the abundance of
states. The linear loss model, on the other hand, is

probably more fitting for semiconductor type saturable
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2K
e

; absorbers since absorption by conduction band elerntrons

e

3 involves indirect transitions (AK # 0) and these transi-~

2

E tions are highly improbable, Other characteristics such

as intensity levels at which saturation occurs and time

response of the system must be described by any chosen

model for it to be useful,

2, Review of Excited State Absorption HModel

e e g ML
J T i et il

The excited state absorption model as developed

by Huff and DeShazer12

s

fits the saturation of many organic

R

dyes very well, It is thus of use to review the essential

s b iy s S
AEF A HESTAERTE?

points of that treatment here. Since the theory of the

o Uy S

saturable resonator developed here involves only steady

S state solutions the review will be limited to that area.

In order to find the transmission of any material

it is first necessary to find the intensity change over an

incremental length of the material. In general this change

is a function of intensity and is expressed in terms of the

photon transport equation as

ar _ _ '
-a-z- = UlNOE (I)I (l)

where I is the photon flux density, (photcns/cm2 - sec),

9y is the absorption cross section (cmz), Ny is the
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concentration of abscrbing centers (number/cm3), and €(I)
is the saturation factor. The saturation factor expresses
the fact that at finite intengities the number of ground
state atoms are changing due to finite relaxation times
from excited levels. Thus, as the intensity increases the
population distribution of molecules in the different éner-
gy levels becomes non-~thermal. Integfation over the length
L of the absorber yields the relation between the incident

and transmitted photon flux densities

Tout
ar _ —
Ty = - 9Nl = In T, (2)
Iin
where Iin is the incident photon flux density, Iout the

transmitted flux density, and To the transmittance in the
limit of zero incident flux density. In order to restrict
this discussion to the steady state case, the response time
T arising from the spontaneous decay rates of the saturable
absorber material must he small with respect to the rate cf
change of the incident intensity. Another way of stating
this is that if At is the full width at half maximum of the
laser pulse then At>>t implies that the steady state

approximation is valid.

3. Energy Level Scheme for Organic Dyes

In order to find the form of e¢(I) it is first
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necessary to start with some model of an energy level dia-
gram, and with this it is possible to determine ratc
equations for the various levels. Then for any incident
intensity it is possible to determine populations of the
ground state and the v&rious excited levels., A typical
energy level diauram as given by Huff and DeShazer12 is
shown in Figure II.B,l. 1In this Figure the straight arrows
indicate absorptions (if upward), or stimulated emissions
(if downward). These transition rates are proportional
to oiI where oy is the absorption cross section for an
absorption from the ith state. The wiggly arrcws indicate
the spontaneous transitior either radiative or non-radia-
tive from state j to state i with corresponding rate Aji‘
The model for the organic dye consists of a
singlet manifold and triplet manifold with the ground state
of the singlet manifold being the ground state of the
molccular system, .Since Hund's rule seems to apply for
molecules, the triplet state lies below the corresponding

singlet state.zs'26

Thus the lowest lying excited state
is the triblet state. In molecules the threce states of
the triplet level cannot usually be distinguished, thus

each triplet level is 3-fold degenerate.zs

All states,
however, arxe split into vibrational and rotational sub-
levels and are thermally populated. The transitions be-

tween these sublevels are thus very fast, making it
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Figure II.B.1l, Excited triplet statec
absoxption =nergy level model from luff and De-
Shazer (sce reference 12),.
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necessary to consider only the sublevels (3') and (4'),

respectively. Since singlet-triplet transitions are *for-

RS A R S ST N

biddeny the cross section for absorption from the ground

e ar oy

state singlet to the excited-state triplet is very small.

T T RN Tl B RS TG DR e

This also holds for the transition from the excited singlet

state to the lower triplet state, but due to a mechanism

called intersystem crossing,zs’26 this rate can approach

o &
N SR DT,

the singlet~singlet transition rates. Since the excited
triplet to ground state (and excited state) singlet transi-
tion rates are relatively slow, the numbér of molecules in
the triplet state can become appreciable.

There is then a hierarchy of transition rates,
with the sublevel transition rates being the fastest, the
transition rates between levels within a manifold and
singlet to triplet transition rates being slower, and in-
termanifold triplet to singlet transition rates being the
slowest. These relative rates will be used to make sim-

plifying approximations later,

4, Excited State Absorption
Model Saturation Equatiop

The photon transport equation for the model given

in Figure II.B.1l is

ar _ _ oo | TalNae | 9a( NaNgr)
dz 170 N0 01 No I, (1)
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The saturation parameter is then

e(I) =

— ) (2)

where Ni (i=1,2,3,3',4, or 4') is the population density

of the ith state and N0 is tk> total molecular concentra-

tion, It can be assumed that N0= Nl+N2+N3+N3,+N4+N
For steady state, dNi/dt =0,

4*°

where Ni is again the population of the ith

level, The
following result for the saturation parameter is then

obtained

1+ Kli + x3'f.2
e(l) = — {3)
1+ KT

= _ . . . _ ~1
where I = oltI is a dimensionless flux, t = (A3l + A32)
and
A A, + A
Kl = 1 + A32 + 2 _iﬁx___ég) (4)
21 3'3
_ 9y |Byy By Ay + Ag,
K2 =5 |x + x ( ® ) (4)
1 21 4'4 42
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Oy AgythAg, | Ay, B3y A-y*A3,
SR i wan R v i iy vl
1 42 4'4 21 313
A..
32
== (4)
+ Ay

.

Upon integration of equation 1, using equation 3, the

: following result is obtained (see Ref. 12),

PR AT T AN R A T R T, T
o kG

l't
o
x 1+ c.I.
] - In 2 =¢, In|——2230] L 0% (1-T) (5)
To 171+ co0f 37in
. ¥ 2°7in
_ - 2 _
where Cy = (KlKZ K3)/K2 1 (6)
c, = K, (6)
Cy = x3/x2 . (6)

Since levels 3 and 3' are vibronic substates, the
transitions bhetween them are fast. Thus, the following

approximation can be made, i.e.;

A >> A + Ao,

33 31 32

The same is true of levels 4 and 4', thus A4,4>> .
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Using these approximations in equations 6, the following

approximations can then be made

. -

2 C, = {(l ty - t;)/ozlv] 1

§

? Cz ~ ozly (N
4

é

k| €37 ¢

g

2

n where Y = Rgp/Ayie Opy = 0p/0ys and T =(R3ytAg) Ay,

5. Residual Absorption Model

12,15

For many cases 03* 0 and therefore the sat-

uration behavior is dependent on only two parameters Cl

3 and Cz. Cl determines the residual absorption as well as

having a large effect on the shape of the transmission ver-
A sus intensity curve. The residusl absorption (1 - Tf) can

be obtained by letting Ia*° in equation (5). Then

. 1l
ln Te = (Ixel) In To (1)

where Tf is the transmission when Iin* o, It is secn here

that for T_=1, Cy+e. Now using the above approximations in

£
equation (5), it is possible to solve Iin as a function
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of T. This gives the following result

Bl
- (r/T.) ~ 1
Iin = B, 0

= (2)
1 - T(T/T)) 1

- 1 -
where BZ = B*Fé-z——— and Bl = l/Clo

Since 03+ 0 equations (7) of the previous section become

c, 1+ RA30/R 2 (3)
0y3R32/R2,
_ A
and C. =0 32 (3)
2 =% 32
21

6. Justification of Excited
State Absoxrption Model

In this section it will be shown why the excited
state absorption model used the triplet-triplet transition
for excited state absorption. Figure II.B.2 shows a typ-
ical energy level diagram for a molecular system with both

25,26 1in

singlet and triplet excited state absorptions.
this diagram, levels 1, 3, and 5 are singlet levels while
levels 2 and 4 are triplet levels. The primed number

levels a;'e the vibrational or rotational sublevels of the
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Figure II.B.2, Encrgy level diagram
for both excited singlet state and excited triplet

state absorption.
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respective levels. It is then possible as before, to solve

the rate equations in steady state and obtain the popula~
tion of each level as a function of the intensity.

The phoﬁbn flux equation for this model is

§£ - g ﬁ Nl-gél . Sﬁ NZ-N4. . S§.N3-N5' .
dz 170 NO Ul N0 °l NO

The saturation parameter is then

ell) = =+ Wt TN
] 1l 0 1 0

The population densities are given in terms of intensities

by solving the rate equations. Thus, in steady state

: 1+ KT + x212
elx) = 3 3
1+ KT + K, I% + KT
A.. A
2 53 1 3 1
where K, = ¢ r— - - e | 4 g ==+ =
1 3[A1 AA, As.s] Z[Al A4,4]
2 e 1 Agy

141 Mbges Byiglgeg ByBoBgay

s

B R R e Pt iy s
BN AU R STV S A o SO |

-
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ko=o, |t o 2. Dsa, 1), 12 A%
| 37 %KL YR TER, YR, 1K YR
3 ) A
1 1 1 53 1
K, = 0.0 + - +
1 42 3[ RgrgPsrs - BBy BiRglgy  ByRy
1
4 1 2 1

+ O 0, fe— e b
AlAS'S] 1’3 [A3'3A5'5 BBy
i S Y ir- My W R 2
RyAahzry  ByBgeg 1°2 |A303841y
. A, +A3
RAydg2 Ajhgy
K = 1%2%3 2(®1 * Bsisy  2Rg3Bsig
5 MBgigboig Ay ByBAgig
A A
3 55
+ 2(A, + 1) + ==-1 +
3 R,y 4'4 A,
Ay = Ajy + Ay
A2=A51+A53
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and Ay = Agp/Byy .

Since the vibronic sublevel transitions ai:e very
fast, the rates A3.3, A4.4, and AS'S can be assumec to be

infinite. This assumption yields

A A
2 53 3
K, = 0.( 2= = 23 ) 4 g, ——
1 %34 & T AR, 2 &)
Ky = 0
Ky = o3 Al - Efgé‘) + 0y A§+l
1 ™Mby 1
x < 2% . U192R3
Kg = 0

But for many organic dye systems A3 v 104 and ASl " A53 v
A422§ so terms including A3 can be assumed to be much larger

than the others.

Inspection of the above equations shows that it is
possible to ignore the terms involving Oq and thus the ex-

cited singlet level absorption is small. By ignoring O3

(l
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the results of the preceding section are obtained. For
phthalocyanines, Hercher13 has shown that the excited
singlet state absorption is an important effect. ‘his is
reasonable if in phthalocyanines the rate A32 is much slow-
er than for cryptocyaniﬁe and A3 is much smaller so g3
terms cannot be neglected. It has been shown that A31 is
much smaller for phtha,locyanines,13 however A32 has not been
measured. Therefore excited singlet state absorption can
be important for phthalocyanine dyes. The time range for

making steady state approximations will, of course, be diff-

erent for phthalocyanine,

7. Solvent Effects.

It will be shown that the saturable resonator
performancé improves by decreasing Bl (see equation II.B,-
5.2). This, of course, means reducing the residual absorp-
tion of the saturable absorber. There are several quanti-
ties, namely the decay rate Ay and the cross sections oy
and Oy which can be changed by changing the solvent in
which the dye is dissolved. Changes in these quantities
in turn alter the Blvalue. .

Bayliss27 has shown that the shift of the absoxp-
tion spectra of solute molecules in a dielectric solvent
medium is related to the index of refraction cf the solvent,

This result has beea experimentally verified for several
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cyanine dyes.28 The following relationship gives the

shift,

2
Av{cmd) = (const) (£/va) 2—51—1 (1)
. 2n” + 1

where const = 10.7 x lOgcm, f is the oscillator strength,

o is the polarizability in units of cm3, n the index of
refraction of the solvent; and v is in cm-l. This frequen-
cy shift causes a change in the cross section for a given
frequency. This may then be possible to alter the excited
state absorption.

Since the level 2 is a triplet level and the
level 1 is a singlet level (see Figure IX1.B.2) transitions
2 + 1 are "forbidden", making the radiative lifetime very
long. If A32 >> A21, there is a "bottleneck" which causes
a large residual absorption to occur. Thus, if nonradia-
tive decay rates (2 + 1) can be increased, the residual
absorption will be reduced. One way to increase this
decay rate is to introduce a paramagnetic substance sucﬁ

as molecular Oxygen,21'25126'29130

This paramagnetic
substance necessarily has a ground state in which the
total spin is non-zero., A paramagnetic substance can mag-
netically couple to the triplet state of the solute mole~

cule during a collision. This removes cnergy from the

excited triplet state of the dye molecule by transfering
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it to the paramagnetic molecule. The nonradiative decay
rate of the triplet-singlet transition is thus related to
the collision rates between the paramagnetic (02) molecules
and the dye molecules in the excited triplet state. This
collision rate will depénd on the concentration of para-
magnetic molecules and the viscosity of the solvent. Thus
with increasing 02 concentration the triplet-singlet decay
rate will increase. The viscosity enters the collision
rate through the mobility of the solute molecules (both

31 shows that

dye and paramagnetic molecules). Frenkel
the mobility is inversely proportional to the viscosity.
For the simplified case of spherical particles this is

given by

- 1
* = Ewan (2

where o is the mobility, u is the viscosity, and a is the
radius of a particle in the liquid., Since the collision
rate is directly proportional to the mobility then the |
collision rate is inversely proportional to the viscosity.
It is then desirable to reduce the viscosity in order to
decrease residual absorption. At the same time the solu-
bility of the paramagnetic substance should be high.
Porter_g;=.§;432 have shown the effect of O2 concentration

on the triplet state.
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8. Semiconductor Glass Saturable Absorbers

The semiconductor glass saturable absorbers con-
sist of semiconductor material crystallites in a glass host.
The compound used is Cd: Se: S made from a mixture CdS and
Cdse. By adjusting conéentxations of Cds and CdSe together
with a heat treating process, Lit*on Industries has been
able to adjust the band gap between the valence and
conduction bands to be slightly smaller than the enexrgy of
a photon with wavelength A = 6943 X (ruby). The two bands
are very nearly parabolic. |

Figure II.B.3 gives an energy diagram in K
spaceu33 Eg is the band gap and EL the energy in a laser
photon. Without incident light and if Eg >> kT then most
electrons are in thz -:alence band. However, for each laser
photon absorbed an electron is excited into the conduction
band forming an electron-hole pair. With an increasing
number of incident photons, many electrons can be excited
into the conduction band, thus shifting the absorption edge
to shorter wavelengths and increasing the transmission at
the laser wavelength.

Decay of the electrons from the conduction band,
of course, is due to the recormbination of the electron-
hole pairs. With impurities present this decay rate can be
Juite high. However, these impurities can also be respons-

ible for unsaturable losses such as scattering. Residual

D e A A e A o L TR N TR
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absorption by conduction band electrons should be small
since this absorption involves indirect transition: and
these transitions are highly improbable., Therefore, the

single absorption model with unsaturable loss is developed.

9. Single absoxption with Unsaturable Loss

An energy level diagram for the model of single
absorption with an unsaturable loss is given in PFigure I1I.-
B.4, This model is picked for the semi-conductor saturable
absorber because the transition causing the absorption is
due to an interband transition, and this can be approxi-
mated by a two level system under 2 conditions; (1) the
laser photon znergy is close to the band gap energy; and
(2) the two levels are actually two distributions of energy
levels. The band gap, Eg corresponding to the separation
of levels 1 and 2, is slightly smaller than the energy of
the laser photon. With no incident field the conduction
band is unpopulated except for a small number of electrons
due to the Fermi-Dirac distribution and thus the valence
band is considered completely filled. 1If Eg is the band
gap and EL the photon energy, then electrons to a depth

L
the conduction band, The unsaturable loss is assumed to be

AE = E, =~ Eg into the valence or band, can be excited into

from impurities or scattering and appecars unsaturable.

If the relaxation rates are much faster than the

time variation of the pulse, the steady state approximation
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can again be used. The photon flux equation for this

model is

ar _ - _
- Ol(Nl .N2)I al (1)

where Ny is the population of the lower level, N, is the

population in the upper level, and o = where Ny is the

o Ng
impurity concnetration., Now NO = N, + N,

ber of electrons available for interaction with the light,

is the total num-~

and since Eg >> kT at room temperature, then for zero in-
put N, = N;. By knowing the density of states in the
valence band and value of AE it is possible to find No.
From the two level model the following rate equations are

obtained

daNy
JE T TONyI + 0N, I+ AygN, (2)
an,
TE = 9Ny = 9N, I 4+ AjN, (3)

For steady state conditions

&
&

[
i
N
]
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o
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thus N

30T . (4)
+ 1

21

Putting this into the photon transport equation
and irtegrating over the length of the absorber (L) finally

yields the equation

21,
In(F) = B/ In [B/“ LA i | (5)
. 0 B/a + 1 + Zlfin
_ 04l
where B = 0.N,, I = == , and I is the photon flux density.
170! A,y
In the limit as Iin* © , T <+ Tf. Taking this
limit in equation (5) gives
- 1
lan = lnTo. (6)
1+ B/a

For B/a + =, Te = 1 as would be expected since this would

mean o + 0,

Solving for Iin in terms of T in equation (5) gives

(1/T0)C1 - 1
(7)

I. =C 1
o2 [1 - T(T/T,) 1
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where the parameter Cl = a/B can be obtained from Tf with
equation (6) and C2 =(A21/20f(6/a + 1) can be obtained
knowing Cy and fitting egquation (7) to the data. Thus Cl
is a measure of the res;dual absorption and 02 a measure

of the intensity range of saturation,

10. General Parametrization
of Saturable Absorbers

It has been shown in Sections II.B,5 and IX.B.8
that the excited state and single absorption models have

the same functional dependence of intensity on transmission.

This is given by

Tay D1 _
I =D(T/O)l 1

. (1)
in 2 1 - T(T/TO)DIJ

where Iin is the r.cident intensity in terms of watts/cmz.
The conversion ..etween this intensity and the phcton flux
density usc: .« the preceding derivations is Iin = hy %
{(phboton flux density), h is Planck's constant and v the
frequency of the light. For 6943A, hv = 2.86 x 10710
joules.

Figure IXI.B.5 shows the variation of equation (1)
for different values of Dy. Not only does Dy change the
value of the final transmission Teo but it also changes the
<ange of intensities ovex which the largest transmission
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change occurs since the maximum slopc also increases with
decreasing Dl'
In Figure II.B.6 equation (1) is shown for differ-
ent values of the parameter D,. It is seen that changing
D2 doss not affect the éhape of the curve but does change
the position of the curve along tﬂe intensity axis. Thus
by picking a Dy value te fit the measured saturation of an
absorber, the D2 value can be altered to fit the intensity

range.
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C. Fabry-~Perot Interferoneter with a Saturable Absorber

l. Coupling of the Fabry~Perot Interferometer
with the Saturable Absorber.

With a model of the saturable absorber now deter-
mined it is possible to solve the complete problem of the
saturable resonator. The saturable ahsorber model gives
the intensity dependence of the transmission for a single
incident beam. However when the saturable absorber is put
between the two reflectors there are actually two heams
incident on the absorber. These beams are comprised of
the two waves traveliﬁg in opposite directions between the
mirrors. These beams maintain the transmission at a cer-
tain level and it is necessary to find an effective inci-
dent beam which can Se used in the relations derived for
the saturable absorber. This is an approximation since it
is really a standing wave which is interacting with the
absorber, not a traveling wave.

To obtain this effective intensity, first let the
intensity (I;) incident on the saturable resonator be such
that the single pass transmission of the absorber is Ty
(see Figure II.C.l). Let I+ be the sum of all waves travel-
ing in the direction of the incident beam at the inner sur-
face of reflector 1. Let I_ be the sum of all waves

traveling in the opposite direction of the incident beam

and at the inner surface of reflector 2. Here, for
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simplicity it is assumed the wavelength of the incident
intensity matches the resonance of the interferomecter.

i
The following relations must then hold,

I,a- ﬁh) = I; abs (1)

I_(1-T)

it
L

- ‘abs (2)

where Ii abs are the intensities absorbed from the respec-

tive beams., The total intensity absorbed is then

(1 - Tu)(I+ + I) . (3)
But for steady state conditions the following is true
I_= TRI, (4)

where R is the reflectivity of a single mirror. Substitut-

ing this into equation (3) gives

I - T + TR) =1 5
LJl-m TR =1, . (5)
P v«aiv;;;?‘m ﬁ’iﬁwﬁﬁi‘?g N AR F@zﬁwﬁnﬁg‘ PR




63

The effective intensity (Ieff) is defined to be such that

lL-T)=1I
o

Tege! A.

Therefore

Ieff = I+ (1 + 'laR).
It is now easy to relate I+ to Ii from the results of Sec-

tion II.A, giving

I, = 2 7 (6)
(lnTaR) + 4RTa sin“é/2

From the solution of the saturable absorber
problem it is seen thgt Ieff can be algebraically expressed
solely as a function of the transmission, but that the
transmission cannot be expressed solely as a function of
intensity. This wmeans I,¢g MusSt be given in texrms of
transmission, but from Section IXI.A, the ratios IR/Ii,
IT/Ii, and IA/Ii are also given as functions of transmiss-
ion. Thus, in order to get IR' I

s Or I. as functions

T A
only of the incident intensity, it is necessary to solve
two relations simultaneously. This is done by first

calculating the ratio IN/Ii (N = R,T, or A) for some Ta
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from cquations 6, 7, and 13, of Section II.A.3. Next Ieff

is calculated for the corresponding Tye Finally Ii is
obtained which is used to get I, . It was shown in the sat-

urable absorber section, II.B, that

D
(/T P1 - 1

1 =D (7)
eff 2 D
1~ Ta(Ta/TO) 1
This gives the following value for I,
{8)
, (1-T R)2 + 4RT sin6/2 (r /TPl o
1. = Q o N D2 a’ ~0 ]
i _ - D
(L-R(L+ TR || “ 21T (/7" |

It should be remembered that Ta has the iimits TO 2T X< Tf
where TO and Tf were defined in the saturable absorber

section,

2. Properties

Using the above relations for I, vs Ii' the

T
curves in Figure II.C.2 are obtained for the resonant case
{§=2m7). There are several important results shown in
these curves, The Ffirst thing to be noted is that the
paramater D, has the same property as for the saturable

absorber alone, that is, it is an intensity scaling factor.

This means that D2 does not affeclt the character of the
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curves but only the aksolute intensity range -t which they
change., For the foilowing discussion; the 02 parameter is
not of importance. The features of all the curves are
therefore determined by the remaining parameters TO' R, and
Dy. T, and Dy determine the value of T¢ and since the
transmission of the saturable resonator is due in part to
the absorber transmission, then Tf gives the maximum trans-

mission as Ii»w. Thus, as Ii+m

I (1-R) 2Tf
= 2

]

!

i (l—RTf)

and this is the final slope which all the curves must ap-

proach for high intencities. Te decreases with decreasing

To or Dl

determined by these two parameters for any specific value

so the maximum transmission of the resonator is

of R.

The most important property to be observed in

Figure I1I.C,2 is that for certain values of T, and D,, I

1’ T
This

0

is triple valued over a limited range of Ii values.

gives a bistable character to the saturable resonator. To

see thiis, it is only necessary to watch the output intensi-

ty with variation of the incident intensityv., As Ii in-

ceceases to the value Ii

(see Figure II.C.3), I, increcases

II)
approximately linearly, and approaches the limiting value



67

IT - |
Ing s Iy, Ting
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ITl. At Ii = Iiqs however, I, suddenly jumps discontinuous-

T
ly from Ip, to Ip,. There is a corresponding discontinuous
increase in transmission from a rather low value to the
higher value. The saturable resonator thus has a bistable-
like operation since there are two widely separated ranges
of transmission at which the resonator operates, and the
state of the transmission depends on the incident intensity.
With a further increase of Ii’ In again continues to in-
crease almost linearly but with a different slope. Now

when Ii begins to decrease, I,, also decreases, but there is

T
not a discontinuous jump until Ii reaches Ii4 (Ii4 < Ii,)
at which point IT discontinuously drops from Ip, to ITS'
Thus, the I, vs Ij curve also has a hysteresis loop besides
the bistable character. It should be stressed again at
this point that these results are derived assuming a steady

state condition and the hysteresis is not a time dependent

effect of the saturable absorber alone,

3. Criteria for Bistable Operation
It is possible to establish criteria for operating
a saturable resonatrcr in the bistable regime. This is ac-
complished by determining whether or not the slope of the
Ii vs IT curve has a zero for a specific set of values of
R, T and Dl' If it does, this implies bistablec operation

is possible. The range of values of R, TO and Dl yiving
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bistable operation determine the bistable operation xregion
in (R, Ty e Dl) space. The slope (dIi/dIT) is obtained by
solving equation (7), Section II.A.3 for Ii' However,
since it is only the zero value of the slope that is de-
sired, it is easier to find the quantity (dIi/dI+) and
determine its zero values. The zero values of this then

give zero values for (dIi/dIT) since

e =t (1)
dl dI+ dI.

The derivative (dIi/dI+) can be obtained from equation (6)

of Section II.C.l. Taking the derivative gives

4.  (1-T_R)%+ 4RT sins/2 I
X o [s] +
3= ° 3 + - ~2R(l-RTa)
+ l1~-R {1~R)
ar
. 2 o
+4Rsin 6/2] ET: « (2)

The term (4T /dI+) can be evaluated from

_ -1
I, = @+ RT)) ~ Togg-



70

Using the expression for Ieff' then

D
aT, l+RTa. I¥RT 5 . T (T /To)Dl
Dy ~1 m D
o (Pa/To) (Ty/T) 1L -z (T /1) L)
Dy,2
1 -7 (T, /7)) 1)
D p /7 )P
, HTg/Tgd 71 = 11(0) + 1) (7,/T,) 1 o
D,,2
(1 - 7 (T,/T,) 1]
al
4
If =7 0
aT,
ar a1
then - (-—;:!'-)-l (4)
ar, dz,

so equation (3) can be substituted into equation (2) and
by varying Ta over the range T0 to Te for a set of R, T0
and Dl' zero values are searched for. This variation of
T, corresponds indirectly to a variation of the incident
intensity. If there is a zero for a specific R, Tge and
Dl' then the saturable resonator can operate histably and
is said to lie in the bistable region. Since this region

is dependent on the three variables R, TO' and Dl' it is
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separated from the region of normal opcration by a 3-dim-
ensional surface in (R, To Dl) space. Projections of this
surface onto the l/Dl' T0 plane and l/Dl, R plane .re shown
in Figures II.C.4 and II.C.5. It is now possible (.0 pre-~
dict which saturable abéorbers, characterized by equation
(1) of Section IX.B.10 give bistable operation, the ranges
of R and TO which are needed as well as the ‘.ntensity re-

quired for any saturable absorber lying in the bistable

region to operate bistably.

4. Pulse Shaping

Figures II.C.6 shows a transfér curve for the
transmission of a laser pulse (with Gaussian time depend-
ence) by the saturable resonator. The figure is for the
case i.: which the saturable absorber operates in the bi-
stable region. For a given peak intensity and a specitiic
dye system the intensity level (Io) at which the saturable
resonator turns "on", can be adjusted by varying mirror
reflectivity and/or low level abscrber transmission. By
doing this the amount of pulse narrowing can be contr/lleca,

The case picked for illustration in Figure II.C.6
is for IO slightiy less than the peak intensity of the
incident pulse (Ip). The incident pulse nas a F!HM of At.
llere the pulse narrowing is very prominent. An iwnportant

thing to notice is that the transmitted pulse shows an
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Figure II.C.5. Bistable criteria for R
Vs l/Dl and various TO‘
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asymmetry about the peak. This is due to the hysteresis
of the saturable resonator when it operates in the bistable
region., With the proper saturable absorber, i.e., one
with small residual absorption, the discontinuous jump to
the "on" state can be séveral orders of magnitude.

Figure II,C.7 shows the effect of change the
relative values of I_ and Ip. This can be done either by

0
changing the saturable resonator parameters or changing

the intensity of the incident pulse. 1In either case the

pulse shaping will be quite different.

Fo. instance if I, is much less than Ip, little

0
pulse narrowing will be seen. The dramatic changes in
transmission cccur in the wings of the Gaﬁssian and the
main part of the bulse operates in the linear region of the
upper portion of the transfer curve. Negligible pulse

shaping is also the case if I, is much greater than Ip, for

0
now the saturable resonator operates on a linear region and
the transmitted beam simply appears greatly attenuated. 1In
Figure 1I.C.7, curve 1 is the case for Ip << IO' curve 2
is the case for Ip 2 I0 and curve 3 is the case for
Ip >> I. All curves are for an incident pulse with a FWHHM
of At.

Figure II.C.8 shows a similar transfer curve, but

for normal operation. RAgain by picking the relative valu:s

of I, and Ip it is possible to get a good deal c¢f pulse
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Figure II.C.7. Resultant pulses arising
from different relative values of I0 and Ip'
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narrowing as seen in thz rigure. It is scen that for nor-
mal operation, however, there is no puise asymmetx; upon
transmission. This is the real distinguishing feature of

the two types of operation.

[PRSUR D L T R D AT



III. THE EXPERIMENT
A, The Laser.
1he laser used in the experimental work was a
giant pulse ruby laser operating in single mode. A beam
profile which is nearly Gaussian was obtained by operating
with a cavity Fresnel number of approximately 0.5. This
type of system and its operation was first described by

G.L. McAllister in his doctoral dissertation.34'35

It was
found that even when operating with this cavity configura-
tion, the alignment of the cavity mirrors was very impor-
tant in determining the time resolved spacial profile of
the beam. Small misalignments of the mirrcrs caused an
apparent beam walk-off, with the pulse starting to build
up toward one edge of the cavity aperture and progressing
to the other edge. Appendix A gives further details on
these effects and the method of dynamic aiignrent used to
eliminate this problem,

Figure III.A.l shows the configuration of the
laser cavity. The laser rod was a 3 inch by L/4 inch ruby
rod grown by Union Carbide Corporation, The rod ends were
polished flat and parallel and antireflection coated with
a hard coating of MgF2 by Herron Optics. The radial sur-

face was roughened so that it appearcd diffuse. The rod

terperaturce was monitored with a thermocouple held in

79
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contact with one end of the rod., The rod was held in a
glass tubing jacket and the whole assenbly was mocunted in
@ gimballed support. |

The flash tube cavity was a machined single
ellipse with the ruby a£ one focus of the ellipse, but not
in mechanical contact with the cavity. The linear flash
tube (E.G.&G. FX-45A) was located at the other focus, and
the entire flash tube cavity was cooled by the boil-off of
liquid nitrogen in a dewar. The flash lamp cavity was
mounted in such a way that it was mechanically isolated
from the optical bench. Care was taken to keep the cold
N2 from passing through the optical path of the laser cavi-
ty.

The back reflector was an obtical flat with a
highly reflect.ing dielectric coating (99%+) supplied by
Pexkin Elmer. Damage threshold was guoted to be greater
than 300 MW/cmz. The output reflector was a Pexrkin Llmer
genexal purpose window which operated as an etalon giving
a maximum reflection of 15%. It was mounted in a Lansing
differential screw Angular Orientation device.

The passive Q-switch was a solution of crypto-
cranine in methanol which was contained in a spacer between
a general purpose window and the back reflector. The
spacer was a stainless steel ring with O-ring grooves on

the end surfaces. The O~-rings were made of ethylene
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propylene rubber which could be used with a variety of
organic solvents.

The passive Q~switch and etalon, coupled with
operating only slightly aﬁove thresheold, allowed fcr selec-
tion of a single longitﬁdinal mode., Transverse mode selec-
tion was obtained by putting a small aperture in the laser
cavity.

The output of the laser was nearly Gaussian in
time with a typical full width at half maximum of 15 nsec.
The radial profile at a particular point in the far field
of the cavity aperture was measared by scanning the beam
with a small pinhole. Appendix B gives the instrument
broadening of the beam width due to this type of pinhole
measurement., The pinhole was attached to a Iine Tool Com-
pany x,y Translator allowing positioning to within ,0005
inches. Under optimum conditions of alignment; the output
intensity is on the order of 70 MW/cm2 and with slight
misalignment this could be increased by a factor of 2 or
more. This misalignment, however, was undesirable since it
caused a distortion to the output bheam, making it difficult

o determine output intensities,
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B. Search for Proper Saturable Absorber.
1. Experimental Set-Up
To find a saturable absorber which would meet the
criteria for bistable operation, it was necessary to deter-
mine the saturated ébsorption behavicr of any of the possi-

ble candidates. Iluff and DeShazer12

had parameterized
cryptocyanine dissolved in methanol and it was determined
from these parameters, and the theory developed for the
saturable resonator, that bistable operation would not be
possible. It was then decided that dissolving cryptocya-
nine in other solvents might lower the residual absorption.
Measurements using the Cary 14 spectrophotometer indicated
that the different solvents did indeed change the wave-
length of the absoxption peaks a small amount, howeverxr, the
optimum positioning seemed to be for the methanol systen.
There was also evidence that the viscosiiy of the solvents
as well as impurities affect transition rates. It had
been shown by IHuff and DeShazer12 that cryptocyanine was a
steady state system for laser pulse widths on the scale of
10 nsec. or greater. Another organic dye related to cryp-
tocyanine36 had been used as a passive Q-switch feor ruby
lasers. This dye, 1l,l'-diethyl-2,2'-dicarbocyanine iodide
or DDI, displayed a larger degrec of modc locking than had

cryptocyanine; indicating it perhaps had a shorter time

constant and smaller residual absorption. Reports had
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also shown that solvents other than methunol worked better
in passive Q-switches for mode locking. specifically, these
solvents were acetone and acetonitrile .:.d since their vis-
cosities were almost ha}f that of metha~nl, it was decided
to try these two solvents. A semicond :*or glass saturable
absorber composed of Cd:Se:5 mixed in ;lass was obtained
from Litton Industries. The Cary 14 =~ :ctrophotometer
indicated the band gap was near 69432 sw1ith transmission of
about 36% at 69438 (excluding surfac> reflection).

Figure III.B.,l shows the :xperimental configura~-
tion used in the transmission saturaiion studies. The
incident intensity was vari2d by changing the transmission
of the Cuso, solution in the attenuation cell, A beam-
splitter diverted a small portion of the beam before it
went into the transmission experiment. This was then sent
intv an R.C.A. 7102 photomultiplier with an S-~1 surface.
The photomultiplier was wired as a photodiode and the out-
put was integrated with an R C inilcgrating circuit and was
recorded on a Tektronix model 555 oscilloscope with a
Tektronix type 1Al plug-in unit. The voltage output was
then prcportional to the energy in the laser pulse. Actu-
ally the integration was done by charging the capacitor
and the output voltage is across this capacitor. It would
be more correct, therefore, to say the energy in the laser

pulse is proportional to the square of the voltage, but
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with the use of attenuators, the system was operated in a
range of the E vs V curve such that the slope was linear

to a good approximation., A TRG Model 100 Ballisti.: Thermo-
pile was then used to calibrate this system. Anotl'er beam-
splitter deflected a small part of the beam into an optical
delay line. The delay line was 45 nsec. in length and was
calibrated to give the input power into the transmission
cell, By measuring the beam profile it was then possible
to Getermine the intensity. A pinhole was mounted behind
the transmission cell and was positioned such that it was
centered on the beam and only transmitted a small portion
of the center of the beam. The part of the beam then mea-
suxed was almost constant if the pinhole diameter was much
less than the full width at half maximum of radial profile
of the beam (see Appendix B).

The beam passing the pinhole and the beam from
the delay line both went to the same detector. This de-
tector was an ITT F4000 photodiode with an S-1 surface.

The ontput was recorded on a Tektronix 519 traveling wave
oscilloscope. The estimated risetime of the systcm was .4
nsec and had a fixed gain. The fixed gain made it nocess-
ary to attenuate the two beams with neutral density filters
as the Cuso4 concentration was varied. The transmission of
these filters were measured on a Beckman DK-2 spectropho-

tometexr., For the organic dye saturable absorbers the
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transmission of the cell was checked with the particular
solvent to be used., This loss could then be corrected foxr
when the transmission of the dye in the s-lvent was mea-
sured. A similar technique was used %o measure the trans-
mission of the semiconductor glass but here the surface
loss was assumed to be from the Fresnel reflecgtion of the
giass, This reflection could then be obtained from the
index of refraction of the glass. Steady state type re-
sponse of the saturable absorbers was checked by comparing
the transmitted and delayed pulse shapes. Thiis was done by
making a one to one correlation of the increasing and de~

creasing edges of the transmitted pulse to the delayed

reference,

2. Resulis

a, 1, 1'=biethyl~2, 2'-Dicarbocyanine YXodide in Methanol.

The resu;ts of the transmission measurements of
this saturable absorber system are shown in Figure III.B.2.
The points indicaite the experimental data. The unsaturated
transmission of the solution was 31%. A least squares
pelynomial fit was used to obtain a best £it of the data.
The dashed curve indicates the results of this fit using
a third degree polynomial. The standard deviation of the
curve is 11 and the standard cxror of es nate for T is

042, The solid curve represents the theoretical resulrs of
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Section II.B (see equation 1, IXI.B.10). The param:zters

. - +.09 =
for this curve are D, = .167_ ", and D, = 59.2,

b. 1, 1'-Diethyl=2, 2'-Dicarbocyanine Iodide in Acetoni-

Figure III.B.3 shows the results of the trans-
mission studies for this solution. The low level trans-
mission in this case was 16%. Again a least squares fit
with a third degree polynomial ' ‘s done (dashed curve).

In this case the standard deviation of the curve is .10
with a standard error of estimate for T of .035. The solid
curve is the theoretical fit from equatidn 1 of Section

II.B.10 using values for the parameters D1 anda D, of

+.04

-.01 and 171, respectively.

« 125

c. 1, l'-biethyi~2, 2'-Dicarbocyanine Yodide in Acetone.
Here the unsaturated transmission was 19%. The
results are shown in Figure III.B.4 as before. The least
squares fit was done with a second degree polynomial. The
curve has a standard deviation of .16 and the standard
error of estimate for T is .047. The parameters for the

: - +.03 -
theoretical curve are D; = .11 _“,; and D, = 95.

d. Cryptocyanine in Acctonitrile.

Figure III.B.5 shows the results for a solution

with unsaturated transmission of 16%. The dashed curve
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illustrates a third degree polynomial fit to the data.
This curve hag a standard deviation of .13 with a standard
error of estimate for T of .024, The parameters for the
solid curve (theoretic:l) are Dy = .125f:gﬁ and.D, = 83,7.
e. Cryptocyanine in Acetone.

The results of this study are illustrated in
Figure III.B.6. The unsaturated transmission was 16%. Ag-
ain the data was fit with a third dégree polynomial which
is indicated by the dashed curve. The standard error of
the estimate for T was .054 and the standard deviation was

«13. The the¢oretical curve was fit with values for the

parameters of Dy = .167f:33 and D, = 70.
f. Semiconductor Glass Saturable Absorber.

Figure IIX.B.7 shows the results of the trans-
mission study for the semiconductor glass. Initial trans-
mission for this sample was 36%. The points indicate ex-
perimental data which was corrected for surface reflection.
The solid curve is the theorxetical curve with parameters
D, = .083 and D, = 5.0. It can be seen in this measurxement
that the laser intensity was great enough to saturate the
absorber completely. The residual absorption was then

directly measurable and the above value of Dl was obtained.,
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C. The Saturable Resonator Using Cryptocyanine in Methanol,
1. Experimental Set~-Up

The first attempt to operate the saturab..e reson-
ator was made using the parameters discussed in the paper
by Szdke et. gi.z In this case cryptocyanine in methanol
was fitted with a single absorption model, thus neglecting
residual absorption. From here it was easy to get the
values for absorber transmission and mirror reflectance
parameterized in reference (2) for bistable operation.
Three sets of mirrors were used in this phase of the exper-
iment. With each pair the initial transmission of the
cryptocyanine in methanol had to be different in order to
operate in Szoke's bistable region. The mirror reflectivi-
ties used were 99+%, 92.5% and 80% with ranges of initial
transmissions of 70 to 80%, 20 to 30%, and 2 to 10%, re-
spectively. The transmission could be adjusted so that
approximately the same input intensity should give both
states of bistable operation for any of these three sets
of mirrors according to Szdke's results,

Figure IXI.C.l shows the construction of the
saturable resonator used in this part of the experiment.
The cryptocyanine was contained inside a spacer between a
general purpose window and the input mirror. The mirror

was mounted in a Lansing Angular Orientation Device, and
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this in turn was mounted on a triangular Ealing optical
bench, The spacer was constructed of stainless steel with
O~-ring grooves in the surfaces in contact with the windows
to prevent leakage. An opening in the spacer permitted
filling of the cell or changing of the solution. Pressure
was applied to the general purpose window by means of a
retainer ring and three screws. This compressed the O-
rings and held the spacer in place. Adjustment of the pres-
sure distribution of the screws permitted alignment of the
window with the input mirror to reduce cavity loss. The
output mirror was also mounted in a Lansing Angular Orien-
tation Device and put on the same Ealing bench. Mirror
separation varied between 2 and 3 cn. |

Figure III.C.2 depicts the experimental set-up
used to measure the characteristics of the saturable res-
onator, fhe system was essentially the same as for the
saturable absorber transmission studies except for the
addition of a polarizer and quarter wave plate. The
polarizer was oriented parallel tc the polarization of
the laser output and the axes of the quarter wave plate
were at 45° with respect to the polarizer. The quarte.c
wave plate was actually a variable wave plate Babinet-
Soleil Compensator purchased from Karl Lambrecht. The
system of polarizer and quarter wave plate acted to opti-

cally isolate the saturable resonator from the laser cavity.
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This caused interference with the laser and destroyed the
bﬁlse form but this is prevented by using the isolator.
The isolator alignment is degcribed in Appendix C.

The interferometer system was aligned by first
orienting the input mirrof normal to the laser beam with
a He~Ne alignment laser. The output reflector was then
aligned parallel to the input mirror by optimizing the
circular Fabry-Perot rings. The source used to produce
the rings was a He-Ne laser beam passed through a ground

glass diffuser and viewed with a telescope.

2. Results

Three different interferometer cavities were used
in this part of the experiment. Each had different mirror
reflectivities and different low level absorber transmiss-
ions. The first had mirror reflectivity of R=99+% and
absorber transmission T0=85%. In this case mode matching
difficulties and cavity characteristics caused transmission
of the resonator to be such that the nonlinear region was
not detectable. There was no pulse shaping in this case.

The other two cavities (R=92%, T,=23% and R=80%,

0
T0=8%) gave pulse shaping and suitable transmission for
measurement. Pulse narrowing was obtained and in some

cases this approached 50% but no bistable operation with

resulting hysteresis was observed. At first tlis was
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attributed to the problem ¢f matching the laser lcngitud-
inal mode with the “on~resonance®™ mode of the satvrable
resonatoxr hut was subsequently attributed +o the n:2glect
of residual absorption in Szike's model., Figures .II.C.3
and IIX.C.4 show plots of the theorxetical ¢urves witn data
points superimposed. The data points for the R = 80% case
were taken with no pinhole behind the saturable resonator.
In the case of the R = 92% mirror data points were taken
both with and without a pinhole.

The different intensity levels were obtained by
meaguring corresponding points on the oscilloscope trace of
the incident and transmitted pulses. Care was taken that
the time variation of the pulse was the same over the en-
tire spatial profile of the beam. Comparing the peak in-
tensities of each pulse shows the maximum transmission
obtained of the saturable resonator was .92% for the R =
92% case and 2,9% for the 80% case,

Figure IIX.C.5 shows the example of pulse narrow-
ing obtained in certain cases. The pulse on the right is
the time evolution of the incident intensity, while the
pulse on the left is the time evolutionr of the same pulse
after passing through the saturable resonator. Figure IIX,
C.6 illustrates several conditions showing the effects of

the different compoients of the saturable resonator.

-
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Figure III.C.3. Experimental data points
and theoretical curve for saturable resonator con-
taining cryptocyanine in methanol.
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Figure Y(IX.C.4, Experimental data points
and theoreatica! curse for saturable resonator con-
taining cryptocyanine in methanol.
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Figure 1II.C.6. Effects of several com-
ponents of the saturable resonator.
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D. Saturable Resonator with Absorber Meeting bistabie Cri=~
teria.

1, Experimental Set-Up

The transmission experiment indicated sever.l
saturable absorber systems had the potential for bistau:ie
operation. The organic dye/scolvent systems which met the
criteria were again used in the arrangement as shown in
Figure III.C.l., The pairs of mirrors available for the
work had individual reflectivities of 99+%, 92.5% and 20%.
There were several oéhe: single mirrors with reflectavities
of 97% and 95%. This, along with the maximum laser inten-
sity and absorber parameters, determined which mirrors
could be used and the range of unsaturated transmission,
To, which would work.

The semiconductor glass saturable absorber trans-
mission studies showed that this saturable absorber would
meet the criteria for bistable operation. However, for
this case, the unsaturated transmission TO was not variable
thus restricting the range of mirrof reflectivities. A-
vailable laser output intensities and limitations on small-
est detectable saturable resonator output intensities fur-
ther restricted the mirvor re€lectivities that could be
used. The system was tested in two ways for the semicon-
ductor case. FI.rst the resonator cavity wa: constructed

of two extexrnal mirrorxs and the absorber suspended between
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them. The minimum mirror separation was 3 cm. This failing
to work, it was then decided to coat one surface of the ab-
sorbexr for high reflection and align it to an external
mirror. This would remove one source of surface less in

the cavity. The cther side of the absorber was antireflec-
tion coated, thus reducing loss from that surface. Minimum
mirror separation in this case was abcut 3 mm, the limita-
tion being the thickness of the absorber. The coated semi-
conductor glass was also mounted on a piezoelectric drive

in an attempt to try to match modes of the laser.

Since the semiconductor band gap fell at 69433,
the transmission was very low for wavelengths less than
this. This caused great difficulty in aligning the reson-
ator cavity since the only source available to do the
alignment was a 63282 He~Ne laser. Fabry-Perot interfer-
ence rings were faintly visible in a dark rcom with some
difficulty, but optimizing them was almost impossible.

The configuration used to measure the character-
istics of the saturable resc ator for the above cases is
essentially the same as described in Section IXII.C. A dia-~

gram of the experiment is given in Figure III.C.2,

2. Results

a, Organic dyes.

The transmission studies of the dye solutions ins
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dicated that 1, l‘'-diethyl-2, 2'-dicarbocyanine indide or
cryptocyanine dissolved in acetone could best operate the
saturable resonator in the bistable regime, Howevor, this
bistable operation is limited to a small range of reflec-
tivities (R > .995) because of the high value of the ab-
sorber parameter Dl’ The transmission at which there is

a change of bistable states was on the oxrder of .05%. This
value however depends critically on the mirror reflectivity
and the low level absorber transmittance. These low levels
of transmission made detection of the hysteresis difficult
since this was on the order of the minimum tgansmitted
intensity detectable at peak laser intensities. Intensity
levels necessary to drive the resonator into the upper
trans-itting state have a minimum of 45 MW/cmz, however,
errors in determining absorber parameters and mirror re-
flectivity couvld greatly change this value. Transmission
at %this intensity would be on the ordexr of 0.l1%. For a
typical peak laser output (15 MW/cm) the theoretical trans-
mission was .017%, and this, too, depended on mirror re-
flectivity and the saturable absorber parameters.

For cryptocyanine in acetone the unsaturated
transmission for the case of R = 99+% mirrors was Ty = 65%.
Many shots were taken, however there was only slight trans-
mission and no pulse shaping was seen, Maximum transmiss-

ion was .03% for an input intensity of 16.3 MW/cmz. Since
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the transmission was so small no pinhole was used. A
second case was run for mirror reflectivity of R = 92,.5%
and unsaturated absorption of 10% for the cryptocyanine
solution. The theoretical peak transmission was .1l% for
the intensities used and the peak transmission measured
was .3 to .4%. No pulse shaping was seen.

The experiment was repeated for DDI in acetone

. with R = 994+% mirrors and unsaturated absorption of 68%.

Maximum observed transmission was again on the order of
.05% with no noticeable pulse chaping. Howgver, the max-
imum transmitted pulse was barely detectablé. DDI was al-
80 run with mirror reflectivity of 92.5% and low level
absorber transmission of 10%. Again peak intensities were

in the range of .3% with a .1% theoretical transmission.

b. Semiconductor Saturable Absorber.

For the semiconductor saturable absorber in the
saturable resonator several configurations were used.
First the absorber was placed between two mirrors each
with reflectivity of 99+%. In this case there was no mea-
surable transmission after many shots. Peak input intensi-
ties were on the order of 20 Mw/cmz. The theoretical in-
tensities needed to drive the saturable resonator into
the higher transmission state was 7.6 MW/cmz. Peak theor-

etical transmission should have been .6%.
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In order to try to increase the transmission,
the mirror reflectivity was reduced to R = 92.5%. 1In this
case no pulse shaping was observed. Peak input intensities
were in the range of 15 to 20 MW/cm2 with peak transmission
of 3.8%. No pulse shaping was seen and, theoretically, for
these saturable resonator parameters, the system should noﬁ
be in the bistable region.

Next, one surface of the semiconductor was re-
flection coated for a reflectivity of 99%., It was mounted
on a piezoelectric ceramic to vary mirror separation to
try to match to the longitudinal modes of tﬁe laser cavity.
As expected, the laser was-never operating on the same mode
from shot to shot, so again there was no measurable trans-

mission.
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. IV. CONCLUSIONS
A. Theory.

The theory for steady state operation of a sat-
urable absorber was developed starting with the treatment
of a Fabry-Perot interferometer with nonsaturable loss.
Resonance characteristics of the interferometer were ob-
tained in terms of mirror reflectivity and cavity loss.
With this result it was then possible to replace the un-
saturable loss with a saturable loss. In order to do this
it was necessary to first develop models for the saturable
absorbers used,

A model with exéited state absorption previously
developed by Huff and DeShazefla'was extended to include
both excited singlet and triplet level absorption. It
was then shown that the excited singlet level absorption
could be neglected in certain instances., This excited
state absorption was responsible for the residual absorp-
ltion, which was characteristic of the organic dyes used in
this work. Methods of reducing the residual absorption
were discussed. These methods included using solvents of
different refractive indices as well as using solvents of
different viscosities. Varying the refractive index shifts
the absorption lines and varying the viscosity alters the

collision rates with impurities,

111
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A second model, which was applicable to the
semiconductor saturable absorber, was also developed. This
model involved a single absorption (i.e., valence band to
conduction band transition) with an unsaturable loss such
as scattering, It was shown that this model had the same
functional dependence between transmittance and incident
intensity as did the excited state absorption model.

With a mathematical expression for the saturable
absorber, it was possible to solve the saturable resonator
problem. With this solution a set of critgria were estab-
lished for operation of the saturable resconator in a
bistable regime. It was determined that the residual ab-
sorption of the saturable absorber was the limiting factor
in obtaining bistable operation. Other factors determining
whether bistable operation occurred were mirror reflectiv-

ity and low level absorber transmission,



AN

s oadon s

© i e PO T

st AR S o S

- B e v ™

B A o W a W e e ay

113
B. Experimental Verification
By using different solvents it was shown that
the residual absorption of a particular organic dye could
be altered. Each dye was dissolved in three solvents.
These were methanol (refractive index 1.33137 and viscosity

0.54737 centipoise), acetonitrile (refractive index 1.34637

and viscosity .34537 centipoise), and acetone (refractive

index 1.35937 7

and viscosity .3163 centipoise). The re-
sults of the transmission studies showed that the smallest
residual absorption was for cryptocyanine or DDI dissolved
in acetone (D, = .lli:gi for each). Residual absorption
was slightly larger for these dyes in acetonitrile (Dl =
.125f:g§ for each). The residual absorption was largest
with cryptocyanine dissolved in methanol. The larger of

the two (Dl = ,315 for cryptocyanine12 and Dy = .167t'83

for DDI).

These results indicate that viscosity changes
have the larger effect on the residual absorption for the
solvents used in this study. It was also determined that
cryptocyanine or DDI dissolved in acetone had values of
Dl which could give bistable operation. The parameter Dy
must be less than ,118 for bistable operation so that to
the degree of determination of this experiment the two

dyes dissolved in acetonitrile might also give bistable



114

operation. In all cases, however, the bistable criterion
for the saturable absorber was just barely met. From the
transmission experiment it was demonstrated that it was
indeed possible to alter the residual absorption and that
triplet state quenching was the dominant way of doing this.

The transmission studies on the semiconductor
glass saturable absorber indicatéd that the Dy parameter
was in the bistable region (D1 = ,083). The response of
the semiconductor glass indicated that it was operating in
the steady state regime since there was n6 asymmetry in
the transmitted pulse. It was also foﬁnd that the semi-
conductor glass saturated at much lower intensities than
did the two dye.systems.

| The operation of the saturable resonator was
first tested in normal operation using cryptocyanine in
methancl., By properly adjusting the cavity parameters, R
and To, it was possible to obtain pulse sharpening up to
50%. The results of this series of tests indicated that
in the region of normal operation, the saturable resonator
followed the results theoretically predicted.

Next an attempt was made to operate the satur-
able resonator in the bistable region. Since the satur-
able absorber parameter Dl was so large the ranges of
reflectivity and low level transmission were severely

restricted, It turned out that for the available mirrors
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the laser intensity was not great enough to drive the

laser into the upper transwmitting state. Using the crypto-

cyanine in acetone and DDI in acetone, the saturable
resonator transmission at the intensity levels available
were of the same order as theoretically predicted.
Bistaple operation was aftempted with the
semiconductor glass. Since saturation occurred at lower
intensities for this absorber, the laser output should
have been sufficient to drive the system into the upper
transmission state. No measureable transmission was
observed for this test. -Operating the system out of the
bistable region by reducing the mirror reflectivity gave
transmissions smaller than those predicted. This was pro-
bably due to mode mismatching between the laser and the
saturable resonator. Using a piezoelectric to change the
saturable resonator mirror separation did not improve

transmission of the resonator,
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C. Further Work,

In oxder to get better operation of ths satur-
able resonator, i.e., higher peak transmission, it is
desirable to reduce the residual absorption of the satur-
able resonator. Triplet state quenching seems to be the
way to proceed. Experimental investigation into other
paramagnetic systems other than 02 would be a logical step.
It might be possible to find substances which have higher
solubility thus giving better coupling to the excited dye
molecules. A better way of approaching this problem might
be to directly measure the triplet lifetime with a probe
laser and a pump laser rather than to measure residual ab-
sorption., Cf course, in the end, it is the amount of re-
sidual absorption that is important.

Soﬁe of the saturable resonator work was limited

by the lack of sufficient intensity from the ruby laser.

' It would thus be of interest to try the saturable resonator

using cavity parameters in the bistable region with a more
intense source (greater than 100 MW/cmz). At present, the
saturable absorbers are borderline on giving bistable
operation, so it probably is not worth the effort. Howevey,
if a better saturable absorber system is found, this effort

should prove fruitful.
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_ In this work the problem of coupling the saturable
absorber with the interferometer cavity was solved in steady
state with an external driving signal. It would now be use=-
ful to put a gain medium inside the cavity thus giving a

Q-switched laser system. It would be of interest also to

solve this problem for the nonsteady state case also.,
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APPENDIX A

Laser Alignment
The standard method of aligning ruby laser cavi-
ties has been to use an autocollimator to give a superposi-
tion of reflected images or to use an alignment laser such
as a He-Ne laser to produce interference fringes. It has
been found that this method produces a time integrated
Gaussian shaped spot, i.e. when measured photographically.
However, if certain portions of the beam are time resolved
using a small sampling pinhole and fast detéétor, the time
dependence of these portions are not the same as that of
the total beam. In :fact the peak intensities of certain
parts of the beam occur at different relative times. It
has also been observed that parts of the beam at times have
moxe than one peak, even though the above mentioned align-
ment procedure indicated "qgood" alignment.

These problems, however, can be explained by
mirror misalignment. A method of correcting this will be
described here. Since there is an extra element in the
cavity, i.e., the saturable absorber cell window, it is
easier to do the alignment if this window is aligned inter-
ferometrically with the rear reflector. The remaining
surfaces can then be aligned by either of the two methods

described above,

118
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Now a pinhole scan of the output beam can be done
comparing the beam transmitted through the pinhol=2 to that
which goes through the optical delay line. When the laser
mirrors are slightly misaligned along the direction of the
scan it will be noticed that the separation of the peak
intensities of the transmitted and delayed beams varies.
The relative puise widths also vary. By measuring the sep-
aration of the peaks it will be noticed that the separation
will consistently increase in a certain direction of scan.
This indicates the direction of mirror misalignment and
appears to be due to the spatial walk-off of the beam as it
is reflecting back and férth in the cavity. By correcting
this mirror misalignment this problem consistently dis-
appears and the laser output becomes uniform in time across
beam. This is true provided transverse mode distortion

has been eliminated by the method described by McAlister et.
a1.34'35
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APPENDIX B

Error Arising from Measurement of
Gaussian Beam with Finite Size Pinhole

The result of measuring a beam of light by scan-
ning with a finite sized circular aperture will be derived
here. This involves doing the following convolution inte-

gral

0 ’217
gl{r,8) =./. .i fl(r',e')fz(r-r',e-e')r'dr'de'
0 0

where g(r,0) is the profile measured by the scanning pro-

cedure, fz(r,e) is the spatial profile of the light beanm,

and fl(r,e) is the profile ¢0f the transmission of the aper-

ture. For a circular anzrture of radius r, centered at

0
' =0
0 if r'>rO
fl(r'pe') = .
1if r'<r0
For a Gaussian profile beam centexed at r, and
width of a,
fzir-r',0-6‘)=exp{-(l/a5)[r2+r'2~21r'cos(6—e')]}
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Using these definitions and eguation 9.1.21 of Abramowitz

and Stegun38
o
R |
g(r:9)=2ﬂe><p<-r2/a§)[ rtartexp(-r'?/al) 5, (B2E)
a
' 0
0

Since Jo(iz) = Io(z), where Jo(z) is a Bessel function of
zeroth order and Io(z) is the modified or hyperbolic Bessel
Function, it is possible.to evaluate the above integral
numerically. fhis is done using the approximation for the
modified Bessel Function by equations 9.8.1.and 9.8.2 in

ramowitz and Stegun38

and gpe Extended Simpsons Rule
methol of numerical integration. Several values of the '
ratio ro/ao were used. For ro/a0 = 0.1, the megsurement of
the full width af_half maximum would theoretically be with-
in 1% of the aqtual'vafue, for ro/a0 = 0.5, it is within 5%,
and for ro/ae = 1.6, it is within 20%.

These results ware experimentally verified by
scanning the output. beam of the ruby laser with two differ-
ent sized pinholes: The radii of the two pinholes were
.036 mm and .508 mm. The FWHM measured with tﬁe smaller
pinhole was .406 mm (radius) while the FWIIM measured with

the larger pinhole was ,533 mm (radius).



Appendix C

Further Description of the Optical Isolato:

The optical isolator is an optical system which
transmits light when the light is traveling in one direc-
tion and does not transmit light when the light is travel-
ing in the opposite direction. The method described here
is a passive system and is in fact a circular polarizer.
The circular polarizer will transmit light of one circular
polarization and reject the other. The ci;cular polarizer
can also convert linearly polarized light into circularly
polarized light and circularly polarized light into linear-
ly polarized light. 8Since on reflection the direction of
circular polarization is changed to the orthogonal polar-
ization, the reflected beam is always rejected.

The system is composed of a linear polarizer and
a quarter wave plate oriented such that the principle
axes cf the quarter wave piate are at 45° relative to the
polarizer. Thc liight passing through the polarizer then
strikes the quarter wave plate such that the electric field
vector has equal components along each of the principle
axes. Due to the thickness of the quarter wave plate, one
component is retarded in phase by /4 relative to the other

yielding circular polarization on transmission. The

122
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direction of the polarization will depend on the relative

S0 S s L et ]
R L

4 orientation of the linear polarizer and the optic axis of

the guarter wave plate. If the linear polarizer is oriented
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parallel to the polarization of the laser, it is possible

to get total conversion if reflective losses, scattering,

etc,, are ignored. Unfortunately in most cases these

S s

losses can be considerable (10-20%).
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The alignment of the system involves first maxi-

N e

mizing the transmission through the linear polarizerx. The

B quarter wave plate was a Babinet-Soleil compensator which

is actually a variable wave plate adjustable over almost

7 full waves of retardation at 69453. Thus the orientation,

B as well as the physical thickness, required adjustment.

‘ The calibration supplied with the Babinet-Soleil compensa-

tor gave the amount required to change 1 full wave of re-

f tardation at a certain wavelength but not the absolute value
of the retardation. This was determined by using several
different wavelengths to produce circular polarization. It

f was determined that .20 mm corresponds to -3/4 A retarda-
tion for A = 69433. Knowing this, it was possible to align
the angular orientation of the guarter wave plate relative
to the linear polarizer with the cw alignment laser. Next
the thickness could be adjusted to the ruby laser output.
Then by alternately adjusting the orientation and the thick-

ness, the optical isolato:r could be optimized.
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